The long-term effects of hemodialysis arteriovenous fistula (AVF) closure on left ventricular (LV) morphology are unknown. Using echocardiography, we prospectively studied 17 kidney transplant recipients before, 1, and, 21 months after AVF closure (mean fistula flow 1371 ± 727 mL/min). Eight kidney transplant recipients with a patent AVF, matched for age, time after AVF creation, and time after transplantation, served as controls. LV mass index (LVMI) decreased from 139 ± 44 g/m 2 before AVF closure to 127 ± 45 g/m 2 and 117 ± 40 g/m 2 at 1 and 21 months post-closure, respectively (p < 0.001), but remained unchanged in controls. LV hypertrophy prevalence (LVMI > 125 g/m 2 ) decreased from 65% before, to 41% early, and 18%, late, after surgery (p = 0.008), mostly from a decrease in LV end-diastolic diameter. Consequently, the prevalence of LV concentric remodeling (relative wall thickness > 0.45 without hypertrophy) increased from 12% before, to 35% early, and 65% late, after surgery (p = 0.003). Diastolic arterial blood pressure increased from 78 ± 15 mmHg before, to 85 ± 13 mmHg early, and 85 ± 10 mmHg late, after surgery (p < 0.015).In conclusion, closure of large and/or symptomatic AVF induces longterm regression of LV hypertrophy. However, residual concentric remodeling geometry as well as diastolic blood pressure increase may blunt the expected beneficial cardiac effects of the procedure.
Introduction
Left ventricular (LV) hypertrophy is highly prevalent among patients with end-stage renal disease, and is an independent and strong predictor of morbidity and mortality (1) (2) (3) .
It is mainly the result of chronic systemic hypertension, volume overload and anemia. The prevalence of LV hypertrophy remains high in renal transplant patients despite the expected beneficial cardiovascular effects of kidney transplantation (4) , and probably contributes to the high cardiac mortality rate observed in this population (5) . Persisting patency of the arteriovenous fistula (AVF) may contribute substantially to this hypertrophy after renal transplantation (4) . In addition, prospective data have shown that AVF closure reduces LV diameter and mass in the short term (6, 7) . van Duijnhoven et al. reported regression of LV hypertrophy 3 to 4 months after surgery (7) . In our own series, LV mass was reduced as early as 3 to 10 weeks after surgery, despite a small, albeit significant, increase in diastolic and mean arterial blood pressure (BP), and a large increase in total peripheral resistance (6) . In the long term, these hemodynamic changes may blunt the early flow-dependent beneficial effects of fistula closure on LV mass and volume (2) , and whether LV mass reduction persists late after fistula closure is unknown. Therefore, the aim of our study was to assess prospectively the long-term effects of surgical AVF closure on cardiac morphology.
Patients
The protocol was approved by the Ethics Committee of our institution, and all patients gave informed consent for participation in the study.
Patients referred for surgery
Between October 1999 and December 2002, 27 kidney transplant patients were referred to the cardiology department for cardiac assessment before closure of an AVF and were considered for enrolment. Of these patients, four were excluded for the following reasons: regional wall motion abnormalities on echocardiography (n = 1), congenital heart disease (n = 2) and heart transplantation (n = 1). No patient had valvular heart disease and all were in sinus rhythm. During the follow-up period, one patient died of a non-cardiac cause, one had chronic graft rejection and returned to hemodialysis, and four were lost to followup. Thus, the final study group consisted of 17 patients. These patients were candidates for surgical closure of the AV access at the request of the referring nephrologist, for one or more of the following reasons: exertional dyspnea, palpitations and/or heart failure (n = 10), venous hypertension with swelling of the extremities and/or erythrocyanosis (n = 6), and/or cosmetic reasons (n = 5). All patients had a stable kidney graft function. Among the patients, 12 had participated in a prior study on the acute effects of AVF closure (6) . There were seven radiocephalic, five radioradial, three brachial communicating, one radiobasilic and one femorosaphenous fistula. At the time of the pre-operative examination, nine patients were using one or more anti-hypertensive drugs: three patients were being treated with a calcium entry blocker, eight with a bblocking agent, six with an angiotensin-converting enzyme inhibitor or an angiotensin 2 receptor antagonist and three with diuretics. No patient was receiving nitrate therapy. Immunosuppression consisted of cyclosporin (n = 9), mycophenolate mofetyl (n = 8), tacrolimus (n = 6), azathioprin (n = 7) and prednisolone (n = 11). During the study period, the decision to change medication was left to the referring nephrologist. At the end of the study, 10 patients had had no changes in anti-hypertensive drugs, two patients had been prescribed b-blocking agents, two had stopped taking an angiotensin-converting enzyme inhibitor (replaced in one patient by moxonidine), one patient had had the dosage of enalapril reduced from 10 to 5 mg/day, and two patients had been prescribed furosemide. The mean number of anti-hypertensive medications per patient was 1.2 ± 1.4 at entry, and 1.4 ± 1.3 at the end of the study (p = 0.33).
Controls
Twelve kidney transplant patients with patent AVF who were referred for routine echocardiographic follow-up served as controls. These controls were matched for age, sex ratio, body mass index and time elapsed since renal transplantation and fistula creation to the patients who underwent surgical AVF closure. Among them, four were lost to the follow-up. The clinical characteristics of the remaining eight are shown in Table 1 . Controls tended to have a Data are mean ± SD.
smaller AVF flow, but the difference did not reach statistical significance.
At the time of the first echocardiography, five controls were being treated with one or more anti-hypertensive drugs: three patients with a calcium entry blocker, three with a b-blocking agent, one with an angiotensin-converting enzyme inhibitor, and three with diuretics. At the time of the second examination, four patients had had no change in anti-hypertensive therapy; one had had a calcium antagonist replaced by a b-blocking agent plus moxonidine; one had been prescribed an angiotensin-converting enzyme inhibitor plus furosemide; one had been prescribed an angiotensin-converting enzyme plus a calcium antagonist; and one had received a calcium antagonist plus an increase in metoprolol dosage (from 200 to 300 mg daily). The mean number of anti-hypertensive medications was 1.4 ± 1.4 at entry, and 1.6 ± 1.9 at the end of the follow-up (p = 0.52).
Methods
Echocardiography, BP measurements and blood chemistry analysis were performed within 4 weeks (11 ± 9 days, range 1-28) prior to the surgical closure (baseline), early after the procedure (35 ± 13 days, range 21-69), and late after surgery (21 ± 10 months, range 12-36). The duration of follow-up was similar in the study group and in the controls (Table 1) .
Echocardiography
Echocardiographic studies were performed using a Philips Sonos 5500 ultrasound system with standard imaging transducer. M-mode tracings were recorded on paper (100 cm/sec). Post-hoc blind analysis was performed according to the American Society of Echocardiography (ASE) recommendations and indexed when appropriate (8) . These measurements included LV end-diastolic and systolic diameters, shortening fraction, left atrial dimensions, and interventricular septal and posterior wall end-diastolic wall thickness (8) . LV outflow tract diameter was measured using two-dimensional echocardiography. Doppler echocardiography allowed the measurement of stroke volume and cardiac output (CO) at the level of the LV outflow tract (9) . Total peripheral resistance (TPR; dyne/sec/cm 5 ) was calculated from CO (L/min) and mean arterial blood pressure (MABP; mmHg) using the following formula:
LV ejection fraction was calculated using the Teichholz method (10). LV mass was calculated based on the ASE convention using the Devereux formula (11) and was indexed to body surface area (LVMI). LV hypertrophy was defined as a LVMI ≥ 125 g/m 2 in both men and women (12) .
Relative wall thickness (RWT) was calculated as follows: (ventricular septal thickness + posterior wall thickness)/LV internal diastolic diameter. Patients were divided into four mutually exclusive groups: normal LV geometry (normal LVMI and RWT < 0.45); concentric hypertrophy (increased LVMI and RWT ≥ 0.45); eccentric hypertrophy (increased LVMI and RWT < 0.45); and concentric remodeling (normal LVMI and RWT ≥ 0.45).
LV diastolic filling was examined using pulsed-wave Doppler echocardiography, with the sample volume at the tips of the mitral valve in the apical four-chamber view and recorded at the end-expiratory phase during quite breathing. Peak velocity of early diastolic filling (E) and peak velocity of atrial filling (A) were recorded, and the E-A ratio was calculated (13).
Fistula flow was estimated through the decrease in CO produced by compression of the AVF. Indeed, previous observations have shown that this decrease correlates with fistula flow (14) , and this parameter has been used as a substitute for direct fistula flow measurement (6, 15, 16) . The AVF was occluded at the end of the initial echocardiographic study by inflating a sphygmomanometer cuff to a 50 mmHg suprasystolic pressure for 30 s (6). CO was determined within 1 min before pneumatic occlusion and during the last 10 s of the AVF closure.
All measurements were performed in triplicate and averaged.
Blood pressure and heart rate
Casual BP was measured on the contralateral arm to the AVF using a standard sphygmomanometer. BP and heart rate were averaged from two measurements performed by the same investigator at 10-min intervals in the supine position, following a 30-min rest.
The early and late changes in LVMI, RWT and in BP produced by surgical closure of the fistula were expressed as: (X earlypost−surgery − X baseline )/ X baseline, and (X latepost−surgery − X baseline )/X baseline , respectively. 
Statistical Analysis

Results
Baseline clinical characteristics of patients and controls are presented in Table 1 .
In the patients, plasma hematocrit, plasma creatinine, creatinine clearance and blood urea nitrogen remained unchanged after AVF closure as compared to baseline (Table 2) . Patient weight increased during the follow-up period, from 66 ± 14 kg to 68 ± 16 kg (p = 0.023). Changes in echocardiographic parameters are shown in Table 3 . LV end-diastolic diameter and LVMI decreased early after surgery, and these reductions were even more striking late after the operation. We did not find a correlation between pre-operative fistula flow, and the changes in LVMI at the end of the follow-up. The correlation coefficient was −0.34 and the p value was 0.18. We analyzed LVMI regression in the nine patients with a flow rate ≤ the median (fistula flow 833 ± 458 mL vs. 886 ± 558 mL in controls, p = 0.84). LVMI decreased in these nine patients from 141 ± 49 to 130 ± 52 and 118 ± 49 mg/m 2 at baseline, at 1 month (p = 0.08 vs. baseline), and at 21 months (p = 0.008 vs. baseline), respectively.
The post-operative decrease in LVMI resulted from a decrease in LV end-diastolic diameter rather than a decrease in wall thickness. Indeed, no significant changes in interventricular and posterior wall thickness were found (Table 3) . At baseline, both concentric and eccentric hypertrophy patterns were predominant, whereas at the late follow-up visit, the concentric remodeling pattern was the most prevalent, with the disappearance of the eccentric hypertrophy pattern (Figure 1 ). The prevalence of LV hypertrophy decreased from 65% at baseline to 41% early post-operatively (p = NS vs. baseline) and 18% late postoperatively (p = 0.008 vs. baseline, NS vs. early postoperatively). The prevalence of the concentric remodeling pattern increased from 12% at baseline to 35% early post-operatively (p = NS vs. baseline) and 65% late postoperatively (p = 0.003 vs. baseline, NS vs. early postoperative). Only three patients had a normal LV pattern at the end of the follow-up. There was a slight correlation between early changes in diastolic BP and the early increase in RWT (R = +0.51; p = 0.036), but no correlation was found between the late changes in diastolic BP and the late increase in RWT (R = −0.23; p = 0.37). Neither early nor late changes in LVMI correlated with changes in diastolic BP.
Left atrial diameter was reduced early after AVF closure and remained lower late after surgery, whereas right ventricular diameter was not significantly altered by surgery. The peak velocity of the E wave was decreased both early and late after surgery, whereas A wave velocity was unchanged, resulting in a sustained decrease in the E-A ratio (Table 3) . There was a slight but significant increase in diastolic BP both early and late after surgery (Table 4) . Total peripheral resistance also increased both early and late after surgery, At baseline, both concentric and eccentric hypertrophy patterns are predominant, whereas at the late follow-up visit, the concentric remodeling pattern is the most prevalent. mainly as a result of reduced stroke volume and cardiac index.
Echocardiographic parameters did not change in the controls during the follow-up, nor did baseline parameters in the controls differ from those observed pre-operatively in the study group (Table 3) . Heart rate, BP, cardiac index, stroke volume index and TPR did not differ from those observed pre-operatively in the study group (p > 0.30 for all these parameters).
Discussion
Previous studies have shown that LV hypertrophy is significantly reduced in the early weeks or months after AVF closure in renal transplant patients (6,7). However, an increase in blood pressure BP and in peripheral resistance could hamper these beneficial effects, and the long-term effects of AVF closure on cardiac morphology have not yet been investigated. Using a prospective design and non-invasive methods, our results document for the first time that the regression in LV hypertrophy seen early after AVF closure is even more pronounced after 21 months of follow-up. It is of interest that the observed reduction in LV mass was larger than that which was observed in a large study on anti-hypertensive therapy in patients with LV hypertrophy (17) . LV hypertrophy in end-stage renal disease is the result of the combined effects of chronic flow and pressure overload and of non-hemodynamic factors associated with uremia. The flow overload and the associated LV dilatation are related to the hyperkinetic circulation caused by anemia, plasma volume overload and the presence of an AV access (1, 18, 19) . Renal transplantation reduces LV dimensions and mass through correction of the uremic state (4). In order to differentiate the effects of renal transplantation on LV morphology from the effects of AVF closure, we also studied a group of kidney transplant recipients with patent AVFs. This group was closely matched to the study group of patients referred for AVF closure in terms of post-transplantation and post-fistula creation periods, and had a similar delay between the two echocardiographic studies. No reduction in LV diameter or mass was found in these controls. Thus, the observed regression in LV hypertrophy cannot be ascribed to a long-term effect of kidney transplantation. AVF tended to be smaller in controls as compared with the patients; it is, however, unlikely that patency of smaller fistula would have prevented a spontaneous regression of LV hypertrophy after kidney transplantation. One might expect the opposite, if any, effect to occur, i.e. lesser LV hypertrophy regression in patients with larger AVF. Moreover, in our population, estimated pre-operative fistula flow did not predict the decrease in LVMI, as previously shown early after surgery (6) , and a reduction in LVMI was found even when comparing patients with similar fistula flow rate to the controls (i.e. those with a flow ≤ the median).
We have previously shown that regression in LV mass index 1 month after surgery is best predicted by the magnitude of the acute increase in mean arterial BP caused by AVF compression (6) . In the present study, we performed the same analysis in a subset of 13 patients. We observed that this acute rise in BP predicted LV mass reduction even better in the long term, as the correlation coefficient between these parameters increased from 0.67 early after surgery to 0.83 late after surgery.
LV hypertrophy, as documented by echocardiography, is an independent risk factor for cardiovascular events in renal transplant patients, even when controlling for BP and other risk factors (1) (2) (3) . LV hypertrophy regression during anti-hypertensive therapy has been associated with a 59% reduction in the risk of subsequent cardiovascular events when compared with persistence, or new development, of LV hypertrophy (20) . One might therefore speculate that patients who undergo AVF closure will experience fewer cardiovascular events than those with a patent AVF. However, whether such dramatic reduction in the cardiovascular risk can be extrapolated to renal-transplanted patients remains to be determined, considering the multi-factorial and markedly increased cardiovascular risk of this population. In the present study, AVF closure did not restore a normal LV geometry, rather it resulted in a change to a predominantly concentric remodeling pattern. This result is in line with the previous observation made in hypertensive patients that relative wall thickness, a measure of LV concentricity, is independently and inversely related to stroke volume (21) . We also found sustained changes in the LV filling pattern. Indeed, fistula closure induced decreases in E wave velocity and E-A ratio. These changes in LV filling pattern, together with the decrease in left atrial dimensions, indicate an improvement in LV filling, from a pseudo-normalized toward an impaired relaxation pattern (22) . Indeed, deterioration from normal toward impaired relaxation, despite exhibiting a similar Doppler flow morphology, would have been associated with an increase rather than a decrease in left atrial dimensions (22) .
The relief of the volume overload induced by the procedure improved, but failed to normalize, LV geometry. This could reflect inadequate BP control, as suggested by the correlation between early RWT changes and the increase in diastolic BP. However, this BP increase was only mild. In addition, late changes in RWT did not correlate with the BP increase. These morphological changes might also represent some sequel to the chronic flow overload or represent a transient pattern toward normalization. Several studies have provided evidence of increased cardiovascular morbidity and mortality in hypertensive patients with a concentric LV geometry, even in the absence of LV hypertrophy (12, 23) . In addition, not only changes in LV mass but also changes in the pattern of LV geometry during therapy may have additional prognostic significance, with the risk being substantially higher for those with concentric geometry (24) .
Compression of an AVF increases both systolic and diastolic BP acutely (6, 15) , but whether this elevation persists in the long term has not been consistently studied. We previously found an increase in mean arterial BP 1 month after AVF closure (6), but this observation was not noted by others 3 to 4 months after surgery (7) . An important finding of the present study is that AVF closure might increase diastolic BP even late after surgery, although this was a secondary end-point of our study. These results mirror the early (within 14 days) drops in mean and diastolic arterial BP after creation of an AVF in animal and in human studies (25, 26) , although this finding has not been unequivocal (27) . Interestingly, in the present study, LV mass decreased despite the elevation in BP and peripheral vascular resistance, showing the net beneficial cardiac effect of stopping the flow overload by AV fistula closure. The majority of our patients remained on the same anti-hypertensive regimen, making it unlikely that the minor therapeutic modifications made in the remaining seven patients could have accounted for the large observed reduction in LV mass, especially as similar changes were made in controls. BP measurements were obtained in carefully standardized supine resting conditions. Further prospective studies are, however, needed to confirm this observation using 24-h ambulatory monitoring pressure recordings. In the meantime, the clinician should be aware that BP elevation may occur following AVF closure.
Prospective studies have demonstrated that LV remodeling takes place in response to sustained lowering of BP, weight reduction or valve replacement for aortic valve disease (20, 28, 29) . Our data demonstrate that another therapeutic intervention, namely closure of large AVFs in renal transplant recipients, is associated with long-term regression of LV hypertrophy, which may have important prognostic significance. However, the expected clinical benefit induced by regression of LV hypertrophy must be balanced against the lack of complete normalization of LV geometry and the possibility of a deleterious effect on BP control. In addition, the results of the present study were obtained in a selected population that included a majority of symptomatic AVFs. Whether similar results would be observed in renal transplant recipients with asymptomatic or in minimally symptomatic patent AVFs remains to be determined.
